Introduction
Pluripotency in mouse embryonic stem cells (mESCs) is controlled by a transcriptional network regulated by three core transcription factors: Nanog, Oct4, and Sox2 (reviewed in Silva and Smith, 2008; Nichols and Smith, 2009; Wray and Hartmann, 2012) . Extrinsic signaling molecules including leukemia inhibitory factor (LIF) and Wnts influence the balance between pluripotency and differentiation in a context-dependent manner (Okita and Yamanaka, 2006; Loh et al., 2015) . The primary consequence of Wnt stimulus is stabilization of β-catenin, a nuclear effector that activates transcription of target genes together with the lymphoid enhancer factor/T cell factor (TCF) family of transcription factors (Valenta et al., 2012) . In addition to its nuclear functions, much of the cellular β-catenin is membrane localized at adherens junctions, where it interacts with E-cadherin and α-catenin (Valenta et al., 2012) .
The Wnt/β-catenin pathway is important for early embryonic development of metazoans, particularly in the specification of the body axis and patterning of mesendoderm and neural lineages (Nusse and Varmus, 2012; Oates et al., 2012; Park and Shen, 2012) . Exogenous addition of Wnt proteins to mESCs has been shown to activate TCF target genes while promoting self-renewal and inhibiting differentiation (Sato et al., 2004; Ogawa et al., 2006; Singla et al., 2006; Ying et al., 2008; Wagner et al., 2010; ten Berge et al., 2011) . By contrast, studies have also suggested that Wnt activity is low in self-renewing embryonic stem cells (ESCs) and is activated during differentiation (Davidson et al., 2012; Marks et al., 2012; , raising the question of whether TCF-mediated transcription is required for pluripotency. The primary evidence for direct regulation of the pluripotency transcriptional network (PTN) by Wnt/β-catenin pathway comes from studies involving TCF3 (TCF7L1), a transcriptional repressor of Wnt target genes (Cole et al., 2008; Zhang et al., 2013 ) that promotes differentiation by directly inhibiting the PTN Yi et al., 2011) . It is thought that β-catenin alleviates TCF3's repressive function by binding to TCF3 and removing it from the DNA, thereby promoting self-renewal Shy et al., 2013) . Although β-catenin has been implicated in influencing PTN activity (Merrill, 2012 ), the precise interactions by which
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Inhibition of β-catenin-TCF1 interaction delays differentiation of mouse embryonic stem cells it modulates pluripotency and lineage-specific differentiation in mESCs have remained elusive (Sokol, 2011; . There is an increasing body of evidence supporting the hypothesis that β-catenin can influence pluripotency independent of its function as a transcriptional activator with TCFs (Takao et al., 2007; Kelly et al., 2011; Lyashenko et al., 2011; Faunes et al., 2013) . A host of recent studies have shed some light on how β-catenin/Oct4 protein interactions influence pluripotency (Takao et al., 2007; Kelly et al., 2011; Faunes et al., 2013; Muñoz Descalzo et al., 2013; Zhang et al., 2013) .
In this study, we examined the specific mechanisms by which β-catenin/TCF interactions regulate self-renewal and differentiation of mESCs. Transcriptional profiling of sorted cell populations and spontaneously differentiating embryoid bodies revealed that TCF target genes are up-regulated during exit from pluripotency. Furthermore, we found that using a small molecule (inhibitor of β-catenin-responsive transcription [iCRT3]; Gonsalves et al., 2011) to selectively inhibit the interaction between β-catenin and TCF1 confers pluripotent characteristics that are surprisingly reminiscent of the "2i" ground state (Wray et al., 2010) , even in the absence of exogenously stabilized β-catenin. Notably, mESCs cultured long term with iCRT3 were uniformly pluripotent and maintained the ability to differentiate into all three germ layers. Finally, transcriptome analysis and biochemical assays revealed that knockdown of TCF1 mimicked the effect of iCRT3 treatment. Overall, our data suggest that β-catenin/TCF1-mediated transcriptional activation promotes differentiation and that blocking it with specific small molecules or by TCF1 knockdown delays the differentiation program, enhancing pluripotent characteristics of mESCs.
Results and discussion

TCF-dependent transcription is upregulated during mESC differentiation
Although several studies have provided insights into the molecular mechanisms, the specific context-dependent function of β-catenin in ESC self-renewal and differentiation remains controversial and poorly understood (Lyashenko et al., 2011; ten Berge et al., 2011; Rudloff and Kemler, 2012; . Therefore, we decided to further investigate the correlation between β-catenin/TCF-mediated transcriptional activity and the expression of pluripotency markers under serum containing stem conditions (serum plus LIF) or differentiation conditions (LIF withdrawal: serum plus retinoic acid-induced differentiation [serum plus RA]). To accomplish this, we generated a mESC line containing both a β-catenin/TCF-responsive transcriptional reporter (TOP-Firefly Luciferase/TOPFlash) and Nanog-GFP. Although differentiation resulted in the expected down-regulation of Nanog-GFP expression, the TOPFlash reporter showed a concomitant and significant increase (Fig. 1, A  and B ). In addition, transcriptional profiling of differentiating embryoid bodies (EBs; Desbaillets et al., 2000; Itskovitz-Eldor et al., 2000) revealed an up-regulation of lineage-specific markers, including several TCF target genes such as Brachyury (Arnold et al., 2000) , Cdx2 (Zhao et al., 2014) , and Axin2 (Jho et al., 2002;  Fig. 1 C) .
To rule out the possibility that the TCF activation observed in heterogeneous populations is from self-renewing cells, we measured mRNA levels of pluripotency and differentiation markers and TCF target genes in cells sorted for high Nanog-GFP (Nanog Hi ) to Nanog Low cells from both stem (serum plus LIF) and differentiation (serum plus RA) conditions. Quantitative PCR analysis revealed that TCF target genes are specifically up-regulated in Nanog Low cells (Fig. S1 A) . This activation is more evident when cells are grown in differentiation media. Although pluripotency markers are consistently down-regulated in the Nanog Low cell population, Cdx2 was the only TCF target with an appreciable activation in Nanog Low cells grown in serum plus LIF. We attribute the lack of significant activation of TCF target genes in Nanog Low cells in self-renewing conditions to the fact that the cells are still under selective pressure of LIF, which strongly promotes pluripotency by actively blocking differentiation (Hall et al., 2009) . The quantitative PCR (qPCR) plot shown in Fig. S1 (A) clarifies that Nanog High cells from both conditions generally exhibit higher expression of pluripotency markers than the Nanog Low subpopulation. Next, we compared transcriptomes of cells sorted for high Nanog-GFP expression during self-renewal (top 30% Nanog High from serum plus LIF) with Nanog Low cells during differentiation (bottom 30% Nanog Low from serum plus RA). The data set analyzed for differential expression and functional enrichment (Table S2) confirmed that although Nanog Low cells exhibit lower expression of pluripotency markers (Fig. 1 D) , they have significantly higher mRNA levels of differentiation markers ( Fig. 1 E) as well as TCF target genes such as Cdx1 (Pilon et al., 2007) and Axin2 ( Fig. 1 F) . These results concur with previous in vivo observations in which canonical Wnt/β-catenin signaling was not detected in early preimplantation embryos (from which ESCs are derived) but was involved in germ layer specification (KimuraYoshida et al., 2005; Ferrer-Vaquer et al., 2010; Nowotschin and Hadjantonakis, 2010) .
Small molecule-mediated inhibition of TCF-dependent transcription improves expression of pluripotency markers in cultured mESCs
To directly assess the requirement of TCF-mediated transcription for mESC pluripotency and differentiation, we used iCRT3, a small molecule that inhibits the Wnt pathway by blocking binding between β-catenin and activating TCFs (Gonsalves et al., 2011) . Surprisingly, TNGA (Nanog reporter; Chambers et al., 2007) and Rex1-GFP mESCs maintained for multiple passages in serum plus LIF with iCRT3 exhibited enhanced expression of their respective pluripotency reporters (Fig. 2, A and B) . In addition, cells maintained long term with iCRT3 showed enhanced expression of classic pluripotency genes compared with the DMSO control, whereas expression of differentiation markers and TCF target genes was concomitantly reduced (Fig. 2 C) . Interestingly, the enhancement of stem-like characteristics in iCRT3-treated cells (as determined by AP staining and colony morphology) progressively increased over passages, and colonies were strikingly reminiscent of the classic 2i morphology by later passages (Ying et al., 2008) , despite the absence of exogenous signals to stabilize β-catenin (Wray and Hartmann, 2012 ; bottom inset in Fig. 2 D) . Furthermore, mESCs cultured with iCRT3 for multiple passages remained pluripotent, as judged by their ability to form increased numbers and AP-positive colonies (Fig. 2 E) , as well as their ability to successfully generate EBs (Fig. S1 B) with comparable expression of lineage-specific markers (Fig. S1 C) . Although mRNA levels of mesodermal markers (mixL1 and Brachyury) and the TCF target gene (Axin2) were lower in EBs generated after iCRT3 treatment (relative to DMSO; Fig. S1 C) , the expression levels of these differentiation markers were significantly higher than their self-renewing parental mESCs (not depicted). Furthermore, these EBs could be successfully differentiated into spontaneously contracting mesoderm-derived cardiomyocytes (unpublished data), suggesting that long-term iCRT3 treatment does not inhibit mesodermal differentiation capability of mESCs. Finally, to validate the pluripotency of cells maintained for multiple passages with iCRT3, we performed a teratoma assay to measure their ability to differentiate into all three germ layers in vivo. We found that the iCRT3-treated cells readily differentiated into teratomas upon injection (Fig. S1 D) . The disparity in teratoma size may be explained by the observation that stem cell populations with more homogeneous pluripotency (as we see in iCRT3-treated cells) form larger teratomas (Zhang et al., 2008; Gropp et al., 2012) . The DMSO-treated cells demonstrated spontaneous differentiation typical to ESCs maintained with serum (Fig. 2 D) , which suggests that they have greater heterogeneity and thereby generate teratomas of smaller size (Fig. S1 D) . The teratomas generated from cells precultured with iCRT3 demonstrated similar expression levels of lineage markers (Fig. S1 E) and tissue types representing all three germ layers ( . TCF-dependent transcriptional activation is up-regulated during mESC differentiation. (A) Mean Nanog-GFP levels (green bar graph; mean ± SD of four replicates) in NG4-TOPluc cells maintained in serum plus LIF (S+LIF; top) and serum plus RA (S+RA; bottom). Normalized TOPFlash reporter activity in simultaneously cultured NG4-TOPluc (orange bar graph; mean ± SD of three replicates). Resized original images shown are from a single representative experiment out of four replicates, with number of cells measured ≥1,000 per experiment. (B) Comparison of Nanog-GFP (by flow cytometry, top; representative data of three replicates) and transfected TOPFlash (middle; mean ± SD of three replicates) expression in mESCs cultured for 48 h in S+LIF, serum, or S+RA. Graphical summary reflecting inverse correlation between TCF-mediated transcriptional activity and self-renewal (bottom). (C) qPCR analysis of differentiation markers and TCF target genes in EBs versus the parental ESCs. Mean ± SD of three replicates. (D) Relative mRNA levels of pluripotency markers in sorted Nanog High and Nanog Low mESCs. Mean ± SD of two replicates. (E) Relative mRNA levels of differentiation markers in sorted Nanog High and Nanog Low mESCs. Mean ± SD of two replicates. (F) Relative mRNA levels of TCF target genes Cdx1 (mean ± SD of two replicates) and Axin2 (mean ± SD of three replicates) in sorted Nanog High (S+LIF) and Nanog Low (S+RA) mESCs. **, P < 0.01; ***, P < 0.001.
Inhibition of Wnt/β-catenin-dependent TCF target gene activation by iCRT3 allows mESCs to resist induced differentiation
Previous studies have shown that Wnt3a can reduce differentiation of mESCs maintained without LIF (ten Berge et al., 2011) . To directly compare how exogenously stabilized β-catenin reduces differentiation relative to merely inhibiting its TCFdependent transcriptional activity, we passaged mESCs in the absence of LIF with and without Wnt3a-conditioned media (WntCM) and iCRT3. Flow cytometry analysis revealed that iCRT3 treatment resulted in a higher percentage of cells expressing Nanog-GFP than WntCM alone, and the combination of the two (WntCM plus iCRT3) further reduced differentiation, even 6 d after LIF withdrawal (Fig. 3 A) . We observed similar results when we activated differentiation with retinoic acid (RA).
Although mESCs cultured in Wnt-conditioned media had reduced differentiation relative to control media, the addition of iCRT3 caused a further reduction in differentiation, with a more homogeneous expression of Nanog-GFP (Fig. 3 B) .
Because we observed increased expression of Nanog-GFP upon inhibition of β-catenin-mediated transcription, we next assayed how the loss of β-catenin protein affects mESC pluripotency in either self-renewing or differentiating conditions. Loss of β-catenin using RNAi (si-βcat) or XAV939 (a tankyrase inhibitor that stabilizes the β-catenin destruction complex; Huang et al., 2009) , or specifically interfering with its binding to TCF/ lymphoid enhancer factors (iCRT3), resulted in robust down-regulation of the TOPFlash reporter (Fig. 3 C) . Corroborating previous studies (Lyashenko et al., 2011; Wray et al., 2011) , we did not observe a significant reduction of pluripotency upon loss of β-catenin in self-renewal conditions (serum plus LIF; Fig. 3 D) . However, the percentage of Nanog-GFP-positive cells was robustly reduced upon loss of β-catenin protein levels (XAV939 or si-βcat) under differentiation conditions (upon LIF withdrawal or addition of RA; Fig. 3 , D and E). In sharp contrast, iCRT3 promoted an increase in the Nanog-GFP population for both differentiation conditions (Fig. 3, D and E, arrow) . These results further support the hypothesis that TCF-driven activation of β-catenin target genes may in fact promote differentiation and is dispensable for maintenance of pluripotency, corroborating claims made in previous studies (Lyashenko et al., 2011; Faunes et al., 2013) .
Because we observed the most significant variation in pluripotency levels by influencing β-catenin's role in differentiating cells (Fig. 3 , D and E), we profiled the transcriptome of cells treated with iCRT3 or si-βcat during RA-induced differentiation for further insight. Gene set enrichment analysis (GSEA) and comparison of expression profiles revealed that iCRT3-treated cells (relative to DMSO control) were enriched for a "pluripotency gene signature" (genes up-regulated in Nanog High cells in serum plus LIF; Fig. 3 F and Fig. S2 A) . By contrast, the mRNA profile of si-βcat-treated cells (relative to Scrambled siRNA control) had a stronger correlation to a "differentiation gene signature" (genes up-regulated in differentiating Nanog Low cells after 48 h in serum plus RA; Fig. 3 F and Fig. S2 A) . These unbiased global mRNA profile analyses indicate that although β-catenin plays a role in maintaining pluripotency, blocking Bar graph depicting single representative data for fold changes in Nanog-GFP expression upon treatment with XAV939 (orange), si-β-cat (green), or specific inhibition of β-catenin/ TCF-dependent transcription using iCRT3 (red) relative to controls (DMSO or Scramble siRNA). (E) Histogram plots depicting changes in Nanog-GFP levels upon loss of β-catenin by si-β-cat or XAV939, and specific inhibition of β-catenin/TCF-dependent transcriptional activity using iCRT3 during RA-induced differentiation. The arrowhead highlights the Nanog-GFP-positive cell population that resists differentiation in presence of iCRT3. Representative data of two replicates. (F) GSEA plots showing how mRNA expression in cells treated with iCRT3 or si-βcat correlates to statistically significant pluripotency and differentiation gene sets (Online supplemental material). Genes were ordered on the x axis by log2 fold changes for treatments of iCRT3 (relative to DMSO) or si-βcat (relative to control transfection) during RA-mediated differentiation. The range of GSEA curves generated by randomly selected gene sets is shown in gray (interquartile range based on 500 size-matched random gene sets). (G) Colony-forming efficiency (CFE) of cells precultured in RA with iCRT3 or DMSO for 48 h. After treatment, cells were plated in limiting dilutions back into serum plus LIF (S+LIF) without any inhibitors for an additional 48 h (please refer to schematic in Fig. S2 C) . CFE quantified for mean colony count, colony area, and AP intensities. Mean ± SD of four replicates. (H) Representative resized bright-field images as well as ×10 digitally magnified insets of four replicates showing control mESCs exposed to serum plus RA with DMSO that produced fewer EBs (top) relative to the enhanced efficiency of those grown in serum plus RA with iCRT3 (bottom; please refer to schematic in Fig. S2 C) . **, P < 0.01; ***, P < 0.001. FC, fold change; Txn, transfection.
its TCF-dependent transcriptional activity lowers expression of differentiation markers such as Brachyury, Cdx2, and Meox1 and confers a gene signature similar to self-renewing mESCs (Fig. S2, A and B) .
Next, to determine whether iCRT3 improves functional pluripotency under differentiation cues, we treated mESCs with RA and either iCRT3 or DMSO and tested their ability to form self-renewing colonies when reintroduced to stem conditions or differentiate into EBs in absence of iCRT3 (Fig. S2 C) . Measurement of AP-positive colonies revealed that cells that had been cultured in serum plus RA and iCRT3 were able to form colonies that were greater in number (approximately 6.5-fold) and size (approximately twofold) relative to those cultured in serum plus RA and DMSO when reintroduced to self-renewing conditions (serum plus LIF, without iCRT3; Fig. 3 G) . Moreover, the cells cultured with DMSO during RA treatment were severely deficient in their ability to form EBs compared with the cells exposed to iCRT3 (Fig. 3 H) . Taken together, these observations suggest that although stabilization of β-catenin by Wnt3a improves Nanog-GFP expression, blocking its TCF-mediated transcriptional activator function further enhanced pluripotency, because cells had homogeneous Nanog-GFP expression even when cultured in differentiation conditions. Moreover, although the reduction of β-catenin protein accelerates loss of pluripotency in cells undergoing spontaneous (serum) or induced differentiation (serum plus RA), its function in the maintenance of pluripotency is largely independent of β-catenin/TCF-dependent transcriptional activation.
Inhibition of β-catenin/TCF1 interaction by iCRT3 delays mESC differentiation independent of TCF3
Differential levels of TCF family members have been shown to modulate cell fate choices in a context-dependent manner (Pereira et al., 2006; Mao and Byers, 2011; . Therefore, we used coimmunoprecipitation (CoIP) to measure the influence of iCRT3 on individual β-catenin/TCF interactions, focusing on TCF1 and TCF3, the most significantly expressed TCF members in mESCs (Pereira et al., 2006;  Fig. 4 A) . As expected, iCRT3 significantly inhibited binding between β-catenin and TCF1 (∼70% reduction relative to DMSO control; Fig. 4, B and C) . Surprisingly, we did not observe any significant changes in the interaction between β-catenin and TCF3 (Fig.4, B and C) , although the TCF family of proteins shares high sequence similarity in the β-catenin binding domain (Graham et al., 2000) . However, in agreement with our previously reported observations in human embryonic kidney 293 and colorectal cancer cells (Gonsalves et al., 2011) , iCRT3 reduced β-catenin's binding to TCF4 (∼25% reduction; Fig. 4 B and Fig. S3 A) , which has been shown to be up-regulated during differentiation, although it is expressed at lower levels in self-renewing mESCs (Pereira et al., 2006 ; Fig. 4 A) . Furthermore, we observed an improvement in β-catenin/E-cadherin complex formation (∼30% increase; Fig. 4 B and Fig. S3 A) , which has been shown to correlate with ground-state pluripotency .
Interaction between β-catenin and TCF3 has been suggested to alleviate TCF3-mediated inhibition of the PTN (Blair et al., 2011; Wray et al., 2011; Shy et al., 2013) . To confirm that the effect of iCRT3 is not driven by β-catenin/TCF3 interaction, we knocked out TCF3 (Fig. S3 B) in NG4 cells using the CRI SPR/Cas9 system (NG4-TCF3Cr), which resulted in expected reduction of ESC differentiation (Fig. 4 D) . When the TCF3-null mESCs were exposed to RA in the presence of iCRT3, flow cytometry revealed an approximately 12% gain in the GFP-positive population of cells relative to the DMSO control (highlighted by the arrow in Fig. 4 E) . This was further supported by qPCR analysis, which revealed that iCRT3 enhanced Oct4 expression and reduced levels of differentiation markers in TCF3-null mESCs grown with RA (Fig. 4 D) . In summary, these results suggest that selectively inhibiting β-catenin's ability to activate transcription with TCF1 reduces mESC differentiation without altering β-catenin/TCF3 interaction. These findings also suggest that β-catenin has different affinities for individual TCF proteins (Graham et al., 2000 (Graham et al., , 2001 Sun and Weis, 2011) and highlights the need for renewed investigations into the structural basis for interactions between β-catenin and its protein partners.
Loss of TCF1 reduces differentiation and enhances expression of pluripotency markers in mESCs
A noteworthy study by Yi et al. (2011) previously showed that simultaneous overexpression of TCF1 and β-catenin proteins up-regulates Nanog-Luciferase expression in addition to the TOPFlash reporter during Wnt stimulation of self-renewal in mESCs. In contrast, Aulicino et al. (2014) reported no significant loss of pluripotency upon loss of TCF1. To specifically test whether TCF1 is required for self-renewal, we performed RNAi-mediated knockdown of TCF1 and assayed levels of pluripotency markers, TCF reporters, and target genes. As expected, similar to iCRT3 treatment (Fig. 3 C) , loss of TCF1 significantly reduced TOPFlash reporter activity, whereas si-TCF3 resulted in activation of Wnt signaling (Fig. 5 A) . Concomitantly, TCF1 loss resulted in higher Nanog-GFP expression, suggesting reduced differentiation (Fig. 5 B) . Furthermore, bright-field microscopy of si-TCF1-treated cells maintained more compact colony morphology and higher AP expression relative to control cells (Fig. 5 C) . In addition, mRNA profiling confirmed that knockdown of TCF1 in mESCs increased expression of pluripotency markers, whereas differentiation markers were reduced (Fig. S3 C) .
Next, we tested wether si-TCF1 had any effect on RA-induced differentiation. qPCR analysis revealed that TCF1 delayed the loss of expression of pluripotency genes such as Rex1, Esrrb, and Oct4 after the addition of RA (Fig. S3 D) . In addition, activation of the lineage marker FGF5 was reduced (Fig. S3 D) . Comparison of expression profiles of genes known to have a role in self-renewal indicated that both iCRT3 and si-TCF1 treatment resulted in up-regulation of pluripotency-associated genes relative to their respective controls, even under RA-induced differentiation (Fig. 5 D) , Alternatively, although si-βcat resulted in loss of TCF target genes similar to iCRT3 and si-TCF1, it also reduced expression of pluripotency markers. (Fig. 5 D) . Furthermore, cluster analysis of transcriptome data validated that TCF1-knockdown cells have expression patterns that resemble an enhanced "stem" signature similar to Nanog High or iCRT3-treated mESCs, suggesting that cells lacking TCF1 are resistant to differentiation (Fig. S3 E) .
To test how β-catenin's interactions with TCF3 and Oct4, which were previously shown to enhance pluripotency (Kelly et al., 2011; Wray et al., 2011; Yi et al., 2011; Zhang et al., 2013) , are altered upon TCF1 loss, we performed CoIP from total lysates of control and si-TCF1-treated cells. Western blots revealed that similar to iCRT3 treatment, TCF1 loss did not affect the interaction between β-catenin and TCF3 (Fig. S3 F) .
However, we observed a significant increase in β-catenin/Oct4 interaction, which has been suggested to be a key TCF-independent mechanism to promote mESC pluripotency (Kelly et al., 2011; Faunes et al., 2013; Muñoz Descalzo et al., 2013) . In conclusion, our results indicate that β-catenin/TCF1-mediated transcription promotes differentiation and that blocking this interaction by knocking down TCF1 results in enhanced pluripotency similar to iCRT3-treated cells.
Our findings lead us to suggest the following model (as represented in Fig. 5 E) , wherein endogenous β-catenin promotes self-renewal in vitro by both buffering TCF3's repressive role as well as through its TCF-independent interactions with Oct4, which may fortify regulation of the PTN core. However, β-catenin/TCF1-mediated transcriptional activation coincides with and may promote spontaneous and directed differentiation, whereas its inhibition enhances functional pluripotency of cultured mESCs. In recent years, inhibitor cocktails have emerged as powerful tools to achieve enhanced pluripotency for cultured stem cells without genetic manipulation. However, because stem cells treated with these cocktails exhibit a broad range of changes, including epigenetic modifications and signaling pathway activity, significant future work is required before these inhibitors can be used for patient-specific applications (Zhang et al., 2012; Wu et al., 2013) . Notably, this study highlights the usefulness of targeted small molecules such as iCRT3, which can precisely modulate and thereby query the function of specific protein-protein interactions of β-catenin without significantly altering its protein levels. Furthermore, our observations that iCRT3 has similar effects on TCF and pluripotency reporters in various serum-free conditions (unpublished data) provide an important future direction to use analogous approaches for further dissecting the molecular interactions that govern groundstate pluripotency. These observations could have important implications in understanding how context-dependent functions of β-catenin in nuclear transcription and cell adhesion may regulate stem cell characteristics, especially in Wnt-relevant cancers, thereby enabling the development of novel tools to specifically target drug-resistant cancer stem cells.
Materials and methods
Cell lines
Nanog-GFP (NG4) mESCs and subsequent derived lines used in this study are transgenic for a construct coding for Hygromycin-EGFP, inserted in exon 1 of Nanog, resulting in a Nanog-Hygro-GFP fusion gene product (a gift from I. Lemishka, Icahn School of Medicine, New York, NY; Schaniel et al., 2009 ). For monitoring endogenous β-catenin/ TCF-dependent transcription, the Nanog-GFP cells were transduced with a lentiviral expression vector for 7x-TOP-Firefly Luciferase (7FTP plasmid 24308; Addgene; Fuerer and Nusse, 2010 ) and selected using Puromycin to establish the NG4-TOPluc line. In addition to NG4, TNGA (Nanog reporter) and E14Tg2A used for long-term culture with iCRT3 ( Fig. 2) and were kind gifts from Austin Smith (University of Cambridge, Cambridge, England, UK). For generating the mESC line with CRI SPR/Cas9-mediated knockout of TCF3, a 20-bp guide sequence targeting the first exon of TCF3 was identified using the Zhang Laboratory MIT CRI SPR Design Tool. Complementary synthetic oligonucleotides with 5′ overhangs (5′-CAC CGGTC GTCCC TGGTC AACGA AT-3′ and 5′-AAA CATTC GTTGA CCAGG GACGA CC-3′; Thermo Fisher Scientific) were annealed and ligated into the PX459 vector (48139; Addgene) as described by Cong et al. (2013) . The ligation mixture was transformed into One Shot Stbl3 chemically competent cells (Life Technologies), plasmid DNA was extracted (Plasmid Maxi kit; Qiagen) from the clonal colony, and the sequence was verified (GEN EWIZ). 100,000 NG4 cells were reverse transfected in 6-well plates with 1 µg plasmid DNA using Lipofectamine 2000 (Life Technologies) and selected with 2 ng/ml Puromycin (Life Technologies) for 48 h. Surviving cells were sorted using a BD MoFlo XDP into 96-well plates, one cell per well, and clones were expanded and screened for absence of TCF3 protein by Western blot analysis to identify null cell lines. The NG4-TCF3Cr9 (TCF3Cr) clonal line was used for further experiments described in Fig. 4 .
Culture conditions
mESCs used for this study were maintained in feeder-free conditions in standard ESC Complete media containing DMEM high glucose (Sigma-Aldrich) supplemented with 10% serum (ES Cell FBS; Gibco), LIF (Esgro-LIF; Millipore), Glutamax (Life Technologies), and MEM Nonessential Amino Acid Solution (ATCC; protocols were adapted from Faunes et al., 2013) . Healthy cells were maintained with daily media changes and regular passaging every 48-72 h at a proportion of 1:10 on 0.1% gelatin-coated (Millipore) plates after dissociation using TrypLE Express (Life Technologies). For differentiation using RA (Sigma-Aldrich), cells were plated in Complete medium with 0.5 µM RA in the absence of LIF for 48 h. For long-term cultures, cells were plated in limiting dilutions in 6-or 96-well plates for multiple passages (top) and pluripotency-associated genes (bottom) upon iCRT3 treatment, or siRNA knockdown of TCF1 or β-catenin compared with DMSO or transfection of the Scrambled control, respectively. (E) Model depicting proposed mechanism for how the Wnt pathway regulates pluripotency and differentiation of mESCs. β-Catenin can alleviate the repressive effect of TCF3 on the transcriptional output of the PTN core, and it can also prevent TCF3 from binding to Oct4 and inhibiting transcription of pluripotency-associated genes. Our results suggest that β-catenin's interaction with TCF1 activates transcription of differentiation promoting target genes. Although inhibition of β-catenin/ TCF1 interaction by iCRT3 or loss of TCF1 does not affect β-catenin/TCF3 interaction, it reduces Wnt target gene expression and delays mESC differentiation. iCRT3 treatment also enhances the formation of β-catenin/Oct4 complex, which has been previously correlated to ground-state pluripotency. In addition, extrinsic signaling factors such as LIF and RA promote pluripotency and differentiation, respectively. **, P < 0.01; ***, P < 0.001. Txn, transfection.
(14 d) in stem conditions (serum plus LIF) with DMSO or iCRT3, with daily media changes. AP staining was performed for every passage to monitor the relative pluripotency levels. Small molecules used include 10 µM iCRT3 (ChemDiv) and 1 µM XAV939 (Sigma-Aldrich), which were diluted with DMSO. L-Wnt3a and control L cells were gifts from R.T. Moon (University of Washington, Seattle, WA).
RNAi-mediated knockdowns
0.05 µM (final concentration) of pools for Silencer Select siRNA for respective target genes (Life Technologies) and Scrambled siRNA (Silencer Negative Control No. 1 siRNA; Life Technologies) for control transfection were transfected using 0.3 µl Lipofectamine 2000 (Thermo Fisher Scientific) for 10,000 cells per 100-µl transfection volume in 96-well format. After 72 h of knockdown, cells were further processed as per the experimental design for reporter assays, flow cytometry, or RNA/protein extractions (please refer to the following methods). Transfections for knockdowns in functional analysis experiments and for flow cytometry were performed with scaled-up volumes used for multiwell plates (6-well plates, 2 ml; 12-well plates, 1 ml; or 24-well plates, 0.5 ml). 24 h after transfection, ESCs were treated with 48 or 72 h of RA (0.5 µM) to induce differentiation for experiments in which the effect on RA-mediated differentiation was assayed.
RNA isolation, cDNA synthesis, and qPCR analysis Nanog-GFP cells were cultured with LIF (serum plus LIF) or RA (serum plus RA) for 48 h (in 10-cm dishes) before flow cytometrybased separation of top 30% Nanog High and bottom 30% of Nanog Low for both media conditions, followed by RNA isolation. Snap-frozen pieces of teratoma were used for RNA isolation to study germ layer marker expression using qPCR. RNA isolation was performed using TRIzol reagent (Life Technologies) from cells cultured in 6-well plates. The aqueous phase containing RNA was collected and cleaned using an RNA cleanup kit (Qiagen) and was eluted in 30-50 µl RNase-free water. RNA was quantified using a Nano-drop and 1-2 µg total RNA was used for cDNA preparation using a high-capacity cDNA Reverse Transcription Kit (Applied Biosystems). qRT-PCR was performed per the manufacturer's protocol using Brilliant II SYBR green master mix with low Rox (Agilent) on an Mx3005p qPCR system (Agilent). Relative gene expression was normalized to readings for GAP DH for individual samples and analysis was performed as per the ΔΔCt method (Zhang et al., 2010) using Microsoft Excel. Refer to Table S1 for primers used for qPCR.
RNA sequencing and primary data processing
For RNA sequencing (RNA-seq) from pluripotent and differentiating cells, Nanog-GFP cells were cultured with LIF (serum plus LIF) or RA (serum plus RA) for 48 h (in 10-cm dishes) before flow cytometrybased separation of the top 30% Nanog High (from LIF) and bottom 30% of Nanog Low (from RA), followed by RNA isolation. To understand endogenous β-catenin and TCF1's role in maintaining pluripotency, we performed expression profiling from Nanog-GFP mESCs which were treated with iCRT3 or DMSO, or transfected with si-βcat, si-TCF1, or Scramble, under RA-induced differentiation conditions (48 h, serum plus RA in 6-well plates). All experiments were performed in duplicate or triplicate (for si-TCF1 and its complementary control transfection) and RNA-seq was performed by LC Sciences and the New York University Genome Technology Center. Raw sequence reads were mapped to the mouse genome (version mm10) with Bowtie (version 0.12.9; Langmead et al., 2009 ) using the default parameters. Reads between 5.1 million and 27.9 million were aligned per library. RNA-seq data sets were also processed through TopHat (version 2.0.8) with the following settings: -a 10 -g 20, using the mm10 refseq gene annotation as shown by Trapnell et al. (2009) . TopHat results were then pipelined to Cufflinks (version 2.1.0) with default settings (Trapnell et al., 2010) . Absolute read counts for annotated genomic features were computed using the htseq-count script from the HTSeq (version 0.5.4p2) software suite with the following parameters: -stranded = no-mode = union.
Differential gene expression, GSEA, and statistical analysis
Differential expression analysis for RNA-seq data was performed using DESeq (version 1.14.0)/DESeq2R/Bioconductor with default parameters (Anders and Huber, 2010) . We evaluated the enrichment of selected gene sets in RNA-seq differential expression data using the GSEA method (Subramanian et al., 2005) and its R implementation (released by the Broad Institute). For generating differential expression for each experiment, all genes were ordered based on log2 fold change. For all further analysis, we filtered out consistently low abundance transcripts, by only considering transcripts that have a fragments per kilobase of transcript per million mapped reads value of ≥1 in at least one of the 12 RNA-seq experiments we performed. Gene sets were defined as follows. The pluripotency gene set comprised 703 total genes, which were significantly up-regulated in Nanog High cells when maintained in serum plus LIF, with an adjusted P < 0.01 and log2(fold change) values > 0 (as reported by DESeq), when comparing self-renewing Nanog High (serum plus LIF) with differentiated Nanog Low (serum plus RA) cells. The differentiation gene set comprised 777 total genes, which were up-regulated in Nanog Low mESCs after 48 h of RA-induced differentiation when comparing self-renewing Nanog High (serum plus LIF) with differentiated Nanog Low (serum plus RA) cells. All experiments were conducted with biological replicates as described in the respective figure legends, and results where relevant are presented as means ± SD. The highlighted statistical significance represents P values generated using the Student's t test (using Microsoft Excel or GraphPad) or DESeq (for RNA-seq data).
EB formation, cardiomyocyte differentiation, and teratoma assay
For the EB formation assay, 500 cells were added to each well in 96-well ultra-low attachment plates (Corning). Cells were plated in standard ESC serum medium without LIF or inhibitors. For individual experiments, 36 biological replicates were set up for each condition. EBs were collected from individual wells using a cut tip and were added to a 6-well plate for (Corning) for visualization and imaging after 5 d. To test the differentiation capacity of the mESCs after iCRT3 treatment, the cells were first cultured with DMSO or iCRT3 (10 µM) for 14 d, followed by EB formation (in absence of inhibitors). Representative EBs collected from individual wells were pooled in6-well plates and imaged to show that cells maintained in iCRT3 for 14 d form EBs similar to those formed from DMSO-treated cells (Fig. S1  B) . RNA was extracted from EBs for qPCR analysis of differentiation markers. For generation of spontaneously beating cardiomyocytes, after DMSO/iCRT3 treatment, cells were allowed to form EBs (in absence of inhibitors) that differentiate into beating cardiomyocytes (protocol modified from Wang and Yang, 2008) . To test how iCRT3 functionally maintained pluripotency during differentiation, mESCs were treated with DMSO or iCRT3 in serum plus RA for 48 h, followed by replating 500 cells per well in a 96-well ultra-low attachment plate for EB formation (representative EBs are shown in Fig. 3 H) . For the teratoma assay, mESCs were cultured with DMSO or iCRT3 for 15 d in stem conditions (serum plus LIF). After long-term culture, the cells were dissociated from the culture plates, washed, and then resuspended in cold PBS before injections. Approximately 2.5 × 10 5 DMSO-and iCRT3-treated cells were injected into opposite abdominal flanks of eight male Balb/C nude mice (aged 6 wk). Teratomas were dissected from the mice 23 d after the injection and were immediately snap frozen for further processing. Hematoxylin and eosin-stained teratoma sections were generated and analyzed by the ICMB Histopathology core (A*Star) for evaluation of germ layer differentiation. Immunostaining of teratoma sections for germ layer markers was performed using rabbit anti-AFP (1:100; Dako/Agilent), rabbit anti-Myosin Heavy Chain (1:200; Abcam), and mouse anti-βIIITubulin (1:200; Thermo Fisher Scientific). Alexa Fluor 488 (ThermoFisher Scientific) for respective primary antibodies and DAPI were used for imaging of the mounted tissue in VectaShield mounting solution.
Immunostaining, colony formation, and alkaline phosphatase staining For immunostaining, cells were fixed in 4% formaldehyde (Electron Microscopy Sciences) for 20 min, washed three times with 1× PBS, permeabilized, blocked with blocking buffer (0.1% Triton X-100, 1% BSA, and 5% normal goat serum in Dulbecco's PBS at room temperature for 20 min, and immunostained with rabbit anti-GFP antibody (Invitrogen; 1:500: 4°C overnight), anti-rabbit IgG Alexa 488 goat antibody (Invitrogen; 1:1,000; 2 h at room temperature), and DAPI. After staining, cells were stored in 1× PBS and were then imaged with the ArrayScan (Cellomics Inc.; using a 20× Plan Apo lens with 0.45 NA; Olympus) high-content imaging system fitted with an ORCA-ER 1.00 camera in autofocus mode. Target Activation software (version 4.0 protocol on Cellomics HTS software) was used to measure mean GFP expression (exposure time 0.004 s) of at least 1,000 DAPI-stained (exposure time 0.0025 s) cells per replicate.
For the colony counting assay described in Fig. 2 E, 600 E14Tg2A or CBA cells in serum plus LIF were added to 6-well plates. After 8-12 h, media were refreshed for the next 5 d. The resulting colonies were then fixed and stained for AP expression using an AP leukocyte kit (86R-1KT; Sigma-Aldrich). The stained colonies were mounted in 1× PBS and imaged using a MOT IC A31 inverted microscope using a 4× lens (4×/0.10 working distance 23.5) and a GXC AM (pixel size 2.615 µm; GTV ISION) C mounted with a 0.5× lens using TSView7 Image capture software. For each condition, and colonies were manually scored for presence and color (white, stained [AP+], or mixed [colonies containing both white and stained cells]). To test whether iCRT3 treatment delayed RA-induced differentiation, NG4 cells were maintained for 48 h in differentiating conditions (serum plus RA) with DMSO or iCRT3 (6-well plates), followed by counting and replating them in limiting dilutions in stem conditions (serum plus LIF with no inhibitors) for an additional 48 h. For the colony formation assay (Fig. 3 G) , dissociated cells were counted using Countess (Life Technologies) and plated at clonal densities in gelatin-coated 96-well plates. Four replicate experiments were performed with 12 wells per condition. To test the colony forming efficiency, media were removed and cells were washed in 1× PBS, followed by 1 min in fixation solution (20 ml nuclease-free water [NFW], 30 ml acetone with 400 µl citrate concentrate [Sigma-Aldrich], volumes scaled as required). After fixation, cells were washed in 1× PBS followed by incubation at 37°C in staining solution (48 ml NFW, 2 ml Naphthol AS-MX phosphate alkaline solution [Sigma-Aldrich] , and one complete capsule of Fast Blue RR salt [Sigma-Aldrich]). Staining was monitored for control conditions under a bright-field microscope and was stopped with washes of NFW, and stained cells were stored with 1× PBS at 4°C before imaging. Bright-field images (imaged at autoexposure set up for control well for every experiment) for ESC colonies stained with AP (Fig. 2 D) were acquired using a Nikon TE2000-E microscope using a Coolsnap HQ2 camera with 20× PlanApo (0.75 NA/1.0 mm WD) lenses. Automated quantitative image analysis of APstained colonies (Fig. 3 G) was performed using the JOBS module (NIS Elements; Nikon) and TE2000-E microscope (Nikon) using a Coolsnap HQ2 camera with 10× PlanApo (0.45 NA/4.0 mm WD).
Flow cytometry
Cultured cells (two or three replicates in 24-well formats) were washed with 1× PBS and dissociated with Accutase (Millipore). Cells were spun down and resuspended in 1× PBS with 3% filtered FBS and DAPI for dead cell exclusion and collected in 5-ml polystyrene tubes with cell strainer (BD Falcon). Flow cytometry analysis was performed using a BD LSR II machine for at least 10,000 live cell events per sample (DAPI negative) using the UV laser. Doublets were excluded from the live cell analysis using side and forward scatter before measuring GFP expression using the 488-nm laser. The CCE mESC line (gift from I. Aifantis, New York University School of Medicine, New York, NY; Schaniel et al., 2009 ) was used as a blank for background correction for flow cytometry experiments. Flow cytometry of TNGA and Rex1-GFP lines (Fig. 2, A and B) were performed by Pleckstrin homology as described above, using the E14Tg2A cell line as a blank for background . Raw data were reanalyzed and representative histogram plots were generated using FlowJo software.
Luciferase assays
For β-catenin/TCF transcriptional activity reporter assays, 10,000 mESCs were reverse transfected in 96-well plates using Lipofectamine 2000 with 25 ng 14× TOPFlash (Firefly Luciferase) and 25 ng SV-40 Renilla Luciferase (for normalization of cell number and transfection efficiency) reporter constructs. Luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega). For measuring TOP activity in NG4-TOPluc ESCs with virally integrated 7× TOPFlash, the Firefly Luciferase readings were normalized for cell number using Presto Blue Cell Viability reagent (Life Technologies) as per the manufacturer's protocol.
Biochemistry
Total protein lysates were collected from cells (cultured in 10-cm dishes), which were fixed with 1% PFA for 15 min followed by quenching with 0.1 M glycine for additional 10 min. After quenching, the fixed cells were washed twice with ice-cold 1× PBS and collected using cell lifters. The total protein lysates were collected by resuspending the cells with standard RIPA lysis buffer and were sonicated on ice five times for 10 s, with constant pulses separated by 15-s pauses. Insoluble particles were cleared by centrifugation (10,000 g, 15 min at 4°C). Protein concentrations were determined using the BCA Protein Assay kit (Pierce) and identical volumes at a concentration of 1 µg/µl were used for all CoIP experiments. CoIP was performed for total cell lysates using mouse anti-β-catenin (15B8; Sigma-Aldrich) antibody using the μMACS Protein A/G Kit according to the manufacturer's instructions (Miltenyi Biotech).
For Western blotting, identical protein quantities were loaded onto precast 4%-15% Tris glycine gradient cells (BioRad) for electrophoretic analysis. Proteins were blotted onto nitrocellulose membranes for immunoblot analysis using a standard protocol. Primary antibodies and dilutions used were mouse anti-β-catenin (15B8, 1:1,000; Sigma-Aldrich), rabbit anti-TCF3 (1:500; a gift from B. Merrill, University of Illinois, Chicago, IL; Yi et al., 2011) , rabbit anti-TCF4 (C48H11, 1:500; Cell Signaling), rabbit anti-TCF1 (C63D9, 1:250; Cell Signaling), mouse anti-E-cadherin (1:1,000; BD Transduction 36/E-cadherin), mouse anti-Oct3/4 (sc-5279, 1:250; Santa Cruz Biotechnology, Inc.), and mouse anti-tubulin (T9026, 1:1,000; Sigma-Aldrich). Infrared-conjugated anti-mouse (800 nm) and anti-rabbit (680 nm) antibodies were used for secondary detection. Western blots were imaged and intensities of individual protein bands were quantified using the Odyssey Infrared Imaging System (LiCOR). Mean and standard deviations to represent CoIP experiments reflect two or three biological replicate experiments, as mentioned in the re-spective figure legends. For analysis of CoIP, raw intensities measured by the LiCOR Odyssey, which represent the quantities of partner proteins, were normalized to the amount of target protein pulled down (for the respective lane) and compared across conditions (SDs for percent change in CoIP from replicate experiments are shown in the respective bar plots). All representative Western blots shown and used for quantification, which corresponded to individual experiments, were run on the same gel. Further protocol details are available upon request.
Online supplemental material Fig. S1 A supports data presented in Fig. 1 (expression profiles for pluripotency and differentiation markers in sorted Nanog High and Nano Low subpopulations from serum plus LIF and serum plus RA conditions) and panels B-E additionally show that long-term treatment with iCRT3 ( Fig. 2) does not inhibit differentiation capability of mESCs. Expression data in Fig. S2 support the GSEA plot shown in Fig. 3 F and this figure also contains an experimental outline for data presented in Fig. 3 (G and H) . Fig. S3 supports data presented in Figs. 4 and 5 and shows that loss of β-catenin/TCF1 interaction by using iCRT3-or siRNA-mediated knockdown of TCF1 results in reduced differentiation and correlates with enhanced β-catenin/Oct4 interaction. Table S1 lists all primers and sequences used for qPCR analysis. Table S2 shows the alphabetically organized identification numbers used for GSEA for RNA-seq data (related to Fig. 3 ) and functional enrichment analysis for differentially expressed genes in Nanog High and Nanog Low mESCs. Table S3 lists the top 200 significantly differentially expressed (refer to padj values) genes organized by their log2 fold change in the comparison of Nanog High versus Nanog Low and the corresponding mean log2 fold change values for iCRT3, si-TCF1, and si-βcat relative to respective controls, used to plot the clustered heat map in Fig. S4 B. Online supplemental material is available online at http://www.jcb.org/cgi/ content/full/jcb.201503017/DC1. Additional data are available in the JCB DataViewer at http://dx.doi.org/10.1083/jcb.201503017.dv.
